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Introduction
One of the main challenges of the current era is water shortage and environmental pollution issues with the natural water. Additionally, Industrial activities, population growth, development of the agricultural sector as well as urbanization have exacerbated the problem [1] . Therefore, desalination of salt water and reusing polluted water must be considered. In the case of reusing polluted water from chemical industries, efficient and effective methods are required. One of the biggest problems concerning environmental pollution is the existence of heavy metals in some industrial effluent and wastewater. For instant, arsenic, mercury, lead, chromium, cadmium, copper, silver, nickel and zinc are the most common toxic heavy metals with non-biodegradable nature in wastewater [2] . The main sources of these heavy metals are industrial activities such as mining, printed circuit board manufacturing, wood processing industry, electroplating, pulp and paper, printing, petrochemicals, phosphate fertilizer, steel industries, battery industry and many more [3, 4] . Heavy metals can cause significant environmental and health problems such as depressing the growth of living organisms and cancer and damage to the human nervous system respectively. They are considered to be toxic to the human being due to bioaccumulation owing to inability to be metabolized and by the digestion system. Exposure to some metal, such as lead, might also results in extra problems in children such as learning disabilities, growth problem and anti-social behaviour [2] .According to Environmental Protection Agency (EPA) the maximum lead (Pb) concentration allowed in the wastewater discharge is 0.05 mg/l [5] .
Many methods have been employed to remove heavy metals from wastewater such as adsorption, chemical precipitation and electrochemical removal [6, 7] . However, these techniques suffer some disadvantages, such as inadequate removal rate and high energy demand [8] . On the other hand, elimination of heavy metals by membrane technology are highly recommended due to the high rejection rate of heavy metals especially in low concentration [9] .
Ultrafiltration permeable membranes can be harnessed to reject dissolved and colloidal material which has a particle size larger than the membrane pore size (5-20 nm) as well as separating compounds with a molecular weight of 1000-100,000 Da [9] . This can be achieved by increasing the particle size of metal ions using various methods such as polymer enhanced ultrafiltration (PEUF) and micellar enhanced ultrafiltration (MEUF) [7] . PEUF is based on creating a macromolecular complex of metallic ions by mixing wastewater polluted with heavy metals and a water-soluble polymer which has a molecular weight higher than the membrane's molecular weight cut-off. On the other hand, the MEUF method can be achieved by adding a surfactant (above its critical micelle concentration, cmc) to wastewater which causes an increase in particle size of metal ions by the binding of metal ions around micelles, resulting in large metal-surfactant structures. However, the main disadvantages of these methods are the insufficient removal of heavy metals (around 90%) and limited threshold of heavy metals concentration in the feed line, such as 112 mg/l [6] .
Beside the ultrafiltration techniques, nanofiltration (NF) can be used to retain metal ions larger than 1nm [10] . The advantages of employing NF compared to reverse osmosis (RO) which is a semi-permeable membrane to remove a wide range of dissolved species from wastewater are low energy consumption and that it can be used with lower pressure [8] . However, the main disadvantage of NF is that a limitation of threshold of heavy metals concentration in the feed side can be fed due to membrane fouling obstacle as well as high membrane cost [11] . On the other hand, the main drawback of RO is the high pressure which needs to be employed, leading to high power consumption and a high capital cost to install the system [11, 12] .
Hence, none of the above membrane techniques might be sufficient when the feed stream has a high concentration of metals. Membrane distillation (MD) which is a non-isothermal process can be found in different configurations such as direct contact membrane distillation (DCMD), air gap membrane distillation (AGMD), vacuum membrane distillation (VMD) and sweep gas membrane distillation, which offer a unique solution to overcome these problems. Generally, MD uses a porous and hydrophobic membrane that can be applied between the hot feed and cold permeate stream to achieve the separation process. This allows only vapour molecules to travel through the membrane depending on the trans-membrane vapour pressure difference across the membrane [13] . The most important benefit of AGMD compared with DCMD is to reduce the conduction heat flux loss from the membrane of the condensing surface due to introducing air gap between the membrane and condensate side. Also it is more cost effective compared with MD and VMD due to using an internal condenser [14, 15] . MD has been successfully used for removing non-volatile solutes dissolved fully in water and for wastewater treatment [16] . Another advantage of membrane distillation is that the operational temperature is lower than that of the distillation process and less operating pressure can be used compared to pressure driven membranes such as NF and RO [17] . Thus, the capital and operation cost can be reduced significantly. Also, MD can be used in combination with other membrane technology such as NF and RO to increase the rejection rate of heavy metals. Table 1 shows the research that has been carried out so far using MD applications in removing heavy metals in wastewater streams. Three different applications of MD have been used: DCMD, AGMD and VMD. The first research on using MD for tackling waste water with heavy metals was reported in 1997 [18] . The test was conducted by using DCMD and AGMD with a commercial membrane and used nickel as a heavy metals model. The authors used low Ni concentration (2.93 mg/l) for DCMD and moderate concentration (14.67 to 88 mg/l) for AGMD. Also, as can be seen in Table 1 , the commercial membrane was used to remove arsenic and boron by using DCMD [19] [20] [21] . Recently, electrospun membrane made from PVDF combined with TiO2 nanoparticles (NPs) was reported to remove six heavy metals (Co (II), Zn (II), Cu (II), Ni (II), Cd (II) and Pb (II) ) with concentration between 10-100 ppm using VMD technique [22] . Nonetheless, the membrane suffered from wetting in high vacuum pressure and the permeate flux was around 10 l/m 2 .h (LMH) for the feed water at 60 ºC and water contact angle (WCA) of 145 º.
Many attempts have been made to increase the electrospun membrane hydrophobicity made from PVDF, PVDF-PTFE, PES and so on to overcome membrane wettability and increase permeate flux. Different functionalized nanoparticles have been used such as SiO2, TiO2, Carbon nanotube (CNT) and clay to increase membrane roughness and reduce membrane wettability [23] [24] [25] [26] . The main functionality of the NPs is silane and fluorinated groups as it shown in Table 2 which results in high water contact angles. However, these groups are very expensive and have environmental consequences [27] . It was shown recently that it is possible to achieve superhydrophobic surfaces using Al2O3 nanoparticles functionalized with highly branched hydrocarbons [28, 29] . In this study we present, for the first time, new approach of using these low surface energy NPs to improve the hydrophobicity of the membranes. HTAB surfactant was also used to reduce electrospun fibre diameter and enhance NPs dispersion in PVDF polymer solution. Additionally, we report for the first time, the removal of high concentration of heavy metal lead (Pb) using AGMD application. 
Nanoparticles functionalization
In order to obtain superhydrophobic surfaces as well as reducing alumina NPs agglomeration in the PVDF dope solution, the hydrophilic alumina NPs were functionalized using Isostearyl acids as was shown previously by Alexander et al [28] . The functionalization process was achieved by dispersing 20 g of pristine alumina NPs in 250 ml of toluene and 77.82 g of Isostearyl acids before refluxing overnight. Then the functionalized Al2O3 NPs were purified by following steps: Firstly, the Al2O3 NPs solution was centrifuged for 30 min. Then it was washed twice with 30 ml isopropanol and once with 30 ml of ethanol followed by removing the solvent and unreacted carboxylic acid by using a centrifuge. Finally, Al2O3 NPs were dried overnight at 80 ºC and stored in plastic sealed containers until further use. The functionalized and unfunctionalized NPs were characterized previously by Alexander groups [28] in which SEM, FTIR and contact angle and the data are given in the Supporting Information.
Preparation of electrospinning solution
The polymer solution was prepared by dissolving various amounts of PVDF pellets (11 to 20 wt%) with or without different additives such as surfactant (0 to 0.5 wt%) and Al2O3 NPs (5 to 30 wt%) based on polymer weight in an optimized solvent mixture ratio of DMF to acetone (6:4). In the case of using Al2O3 NPs with PVDF polymer, the specific amount of HTAB surfactant was sonicated in the solvent mixture for 5 minutes followed by adding Al2O3 NPs and using further sonication for 30 minutes before adding the PVDF pellets. An incubator shaker was used at temperature of 50 ºC and speed of 200 rpm to prepare the spinning polymer solution. After 12 hours of shaking, the polymer solution was allowed to cool down to room temperature and then it was placed in a vacuum oven at room temperature to remove any excess acetone and preventing bubbles formation in the electrospinning tube between the syringe and the needle. 
Post treatment of PVDF membranes by hot-pressing method
Neat Electrospun membrane suffered from delamination layers and lack of mechanical strengths due to weak fibre connections. Therefore, heat-press post treatment was needed to upgrade membrane coherence and mechanical properties. Membrane heat press was conducted by applying pressure (6.27 kpa) at temperature 160 ºC for one hour. The process started by placing dry PVDF electrospun membrane, covered with aluminium foil on both sides, between two preheated flat metal plates with dimension of 150 × 100 mm and it was loaded with 4.79 kg as a dead weigh before it was placed in an oven.
Electrospun membrane characterization

Liquid entry pressure (LEP)
Liquid entry pressure (LEP) which is one of the main tests in MD applications was used to evaluate membrane wettability. LEP which is utilized to provide gaudiness for operating a pressure limit in membrane distillation can be conducted by measuring the pressure of deionizing water (DI) which is needed to overcome the membrane hydrophobicity. LEP, in this study, was engineered by using a home-made set-up which is consisted of an Amicon cell (50 ml) from Millipore with an effective surface area 13.4 cm 2 connected with pressurised nitrogen bottle through a pressure regulator and digital pressure gauge as it shown in Figure 2 . LEP was measured by placing a dry membrane in Amicon cell followed by pressurizing the feed side of the membrane cell (full with 40 ml of distilled water) with nitrogen gas. The pressure was gradually increased by 1 psi every 10 mints started from 10 psi. The pressure value at which the first drop of DI water leaves the permeate side of the Amicon cell is called LEP. The test was repeated three times for all membranes. 
Water Contact angle (WCA)
The electrospun membrane hydrophobicity was evaluated by measuring the contact angle of membrane surface after conducting the electrospinning process. The water contact angle (WCA) was performed by using Expert Drop Shape Analyzer (Krüss model DSA25). The test was achieved by dropping 2 µl of DI water (using an automatic micro syringe) on a levelled dry membrane surface fixed on a glass slide by a double sided sticky tape. The contact angle was measured by using the sessile drop method with the help of a drop shape analysis program.
The averages of five readings on different membrane spot were adopted with standard deviation less than 5.
Pore size and pore size distribution
Membrane pore sizes and pore size distributions were evaluated by using the bubble-point method. The custom-made device, shown in Figure 3 , was employed to measure mean, maximum and minimum pore size. Isopropanol solvent with surface tension of 21.4 dynes/cm was used as a wetting liquid for dry ES membrane which was placed in Amicon membrane cell with an effective surface area of 13.4 cm 2 . The test was performed by gradually increasing the nitrogen gas pressure on the feed side of the wet and dry nanofibrous membranes. The gas flow rate on the permeate side was recorded by using a gas and bubble flowmeter. The mean, maximum and minimum pore size values were computed from dry, half dry and wet curves which was drawn between flow rate and inlet pressure [17] . Firstly, both dry and half dry curves were measured without adding Isopropanol whereas wet curve is based on saturated of the membrane with the solvent. The pressure value of cross point between wet curve and half dry curve represent the pressure of mean pore size, whereas the pressure at which wet curve meet dry curve is the pressure of minimum pore size. In addition, the lowest pressure which gives 
Where r is pore radius (µm), P is pressure difference ( Pa) , y is isopropanol surface tension ( mN/m)and Ө is membrane wetting angle (for completely wetted membrane by the fluid, cos Ө = 1). 
Porosity measurement
Membrane porosity was adopted by using a gravimetric method which can be defined as the total volume of membrane pores divided by membrane volume [34] . The test was carried out by cutting a membrane area (2 cm × 2 cm) followed by weighting the membrane before and after immersing into an isopropanol solution for 10 minutes. Equation 2 has been employed for calculation of PVDF membrane porosity.
Where ρ is the membrane porosity, W1 is saturated membrane with isopropanol weight in gram, W2 is the dry membrane weight in gram, de is the isopropanol density in (g/m 3 ) and dp is the PVDF polymer density in (g/m 3 ).
Membrane thickness
Electrospun membranes thickness was measured after the heat-press treatment using a digital micrometre (Mitutoyo 293 Series, IP65) with a precision of ±0.001 mm. The given data is an average value of six measurements.
Membrane Morphology
The morphologies of electrospun membranes were characterized by field emission scanning electron microscope (FE-SEM, S-7400, Hitachi, Japan). All samples area about (1 × 1 cm)
were coated with Cr at approximately 5 nm thickness by using a sputter coating device (Quorum model Q150TS) to reduce the charging effect on membrane surface. Image J program was used to calculate average fibre diameter of 100 measurements of high magnifications SEM images.
Air gap membrane distillation (AGMD) test
Membranes fabricated by electrospinning technique were tested by custom-made AGMD set- 
Result and discussion
Membrane optimization
Effect of polymer concentration
Generally, Polymer solution concentration plays a crucial role in the membrane morphology as it controls solution viscosity and therefore effects both fibre diameter and beads formation. concentration. This is due to reduction of the breakup of the polymer chain by increasing of polymer viscosity [35] . These results are in agreement with Essalhi et al [36] . They showed that fibre diameter increased from 62.6 to 506.3 nm as well as fibre dimeter distribution became broader when the polymer viscosity varied from 0.364 to 9.380 Pa.s due to increase of PVDF concentration from 15 to 30 wt%. Furthermore, the same authors showed that the beads density reduced from 238.4 to 3.7 ×10 -3 µm -2 by changing the polymer concertation from 15 to 22.5 wt%. Generally speaking, high surface tension and low polymer conductivity with insufficient molecular chain entanglements can cause an increase of beads numbers in electrospun mat due to the breakup of the polymer chain [35] . 
Effect of mix solvent ratio
Solvent properties such as volatility, vapour pressure, dielectric constant and surface tension play important roles in electrospinning process. The DMF solvent has an adequate polyelectrolyte behaviour with a dipolar aprotic solvent due to having a high dielectric constant (36.7 at 25 ºC) [38] . However, DMF has low vapour pressure and high boiling point (153 ºC) which can be difficult to gain dry membrane mat by using it alone with PVDF polymer.
Therefore, acetone (AC) was employed with DMF to increase the mixture vapour pressure as well as reducing mixture boiling point. Four different ratios of solvent mixture of DMF and AC was investigated by utilizing 15 wt% of PVDF polymer. Figure 6 illustrates that both fibre diameter and standard deviation of membrane mat increases with the increase of the acetone ratio due to the rapid evaporation rate of the solvent in the polymer solution between the spinneret and the drum. The number of beads is also diminished. In addition, 60:40 DMF:AC is seemed to be the best ratio to obtain small fibre diameter and dry membrane mat with less bead compared with 75:25 DMF: AC ratio. The SEM images in Figure 6 also show that beads formation decreases with the increase of acetone ratio. These results are in agreement with the results accomplished by Zhou et al [39] in which beads reduced by increasing DMF to Acetone ratio in 12 wt% PVDF solution due to reduction in evaporation rate of the solvent mixture.
Fibre diameter also reduced from 1710 to 410 nm by increasing the volume ratio of DMF/Acetone from 2:8 to 6:4. 
Effect of surfactant addition on fibre formation
This section examines both average fibre dimeter and beads defect structures in membrane mat by adding a cationic surfactant (HTAB) to the PVDF polymer solution. Due to low electrical conductivity of the unmodified PVDF polymer solution, which is around 3 µS/cm, the chance of beads formation is very high. Tackling this issue can be achieved either by adding salt to increase solution conductivity or by adding a surfactant to reduce solution surface tension [40] .
Two different concentrations of HTAB based on polymer weight were added to the PVDF solution. The electrospinning set up parameters were as follow: polymer flow rate between 0.2 to 0.4 ml/h, drum rotation speed 500 rpm and actuator speed 8 cm/min. Figure 7 shows the effect of adding 0, 0.05, 0.5 wt% of HTAB surfactant on fibre diameters at 14 KV Voltage. As it can be seen from the images and taking into account the standard deviation, there is not such a large deference on the average fibre diameter by adding 0.05 and 0.5 wt% HTAB. Figure 7b shows very uniform fibres without the presence of beads due to the presence of 0.05 wt% HTAB. The absence of beads is also clear at 0.5 wt% HTAB additions; however, the fibres are not as uniform in size compared to the fibres with 0.05 wt% HTAB. Based on the results, 0.05 wt% HTAB was used for further membrane studies. These results are in agreement with Zheng et al [41] in term of reduction of beads by adding HTAB surfactant to PVDF polymer solution and increase of fibre diameter, however, it was shown that the increase in fibre size distribution is not consistent with increase of HTAB concentration. 
Membrane characterization
Effect of Al2O3 addition on membrane structure
Based on the optimum PVDF concentration in section 4.1, PVDF with 15 wt% concentration and 0.05 wt% HTAB were used to examine the effect of superhydrophobic nanoparticles on the membrane structure. However, addition of Al2O3 NPs affected the polymer viscosity, and as a result lower concentration of PVDF (11, 13 wt%) were also considered. respectively. This can be attributed to change of solution viscosity which is agreed with other researchers [42, 43] . The results also show that alumina NPs can affected the distribution of fibre diameters as can be seen in Figure 8 : PVDF fibres (15 wt%) with 5 and 10 wt% NPs have narrower size distribution compared to 20 and 30 wt% NPs. This might be due to the poorer dispersibility and agglomeration of alumina NPs at higher concentrations in the polymer solution and that leads to the irregular morphology of fibres in the final membrane.
Additionally, the effect of adding HTAB surfactant on hydrophobicity of functionalized alumina NPs was examined by measuring the contact angle of glass slides were spayed by 10 wt% of functionalised NPs in isopropanol with and without adding 0.05 wt% HTAB. The result showed that the contact angle was 153 0 for both samples which indicated that adding HTAB surfactant has no effect on NPs hydrophobicity. 
Membrane wetting properties
Membrane wettability relies on the roughness and the surface energy of membrane surface [44] . The effect on membrane hydrophobicity was investigated by adding different concentrations of modified alumina NPs (diameter =13 nm) with Isostearyl acids. It was shown previously that surface roughness is not the only factor in tuning surface wettability, and chemical functionality is also necessary in combination with roughness for superhydrophobicity as well as superhydrophilicity [29] . As a result and based on the WCA and roughness data of the neat alumina NPs, it was decided to only examine the functionalized superhydrophobic nanoparticles in this work.
The WCA measurements along with full characterization of the three various PVDF concentrations with and without Al2O3 NPs are presented in Table 3 . The pristine 15 wt% PVDF ES membrane showed a WCA of 132º. However, upon addition of 5, 10, 20, and 30 wt% of Al2O3 NPs to 15 wt% PVDF, the WCA increased to 139º, 140º, 141º, and 142º, respectively, which is higher than the neat 15 wt% PVDF (ES15-0). The increase of WCA of the membrane surface is due to an increase in the surface roughness and a decrease in the surface energy of the nanofiber due to the addition of superhydrophobic NPs. Interestingly, the value of WCA for 13 and 11 wt % of PVDF in the presence of 20 wt% Al2O3 NPs (ES13-20 and ES11-20) was increased to 145º and 150º respectively. Increasing the NPs ratio by reducing the polymer concentration contributed to an increase in the membrane roughness, as well as a formation of a fibre-bead structure on the membrane surface and a reduction of the fibre dimeter. Similar results were achieved in a electrospinning study when factionalized SiO2 nanoparticle with n-dodecyltrimethoxysilane (DTMS) were mixed with polyurethane polymer [45] .
Membrane pore size distribution (PSD), liquid entry pressure (LEP) and porosity
One of the factors that affects membrane quality in terms of water permeability and retention rate is the pore size and pore size distribution. Thus, the ES membrane pore size and maximum pore size characterization was carried out by a custom-made device represented by a bubblepoint method. It can be seen from Table 3 This is might be due to an increase in pore size from 0.47 to 0.715 µm. On the other hand, the LEP increased from 17.11 to 27 psi by reducing the polymer concentration from 15 to 11 wt%.
This increase can be attributed to a reduction of mean pore size as well as an increase in membrane hydrophobicity with WCA of 132 (for ES15-0) and 150 º (for ES11-20).
The porosity of neat and composite membrane for 15 wt% PVDF concentration have shown a reduction pattern by adding alumina nanoparticles. Table 3 illustrates that by adding 20 wt% of alumina NPs, the porosity of ES15 membrane decreases by 8.8 percent due to the growth of nanofiber dimeter and accumulated of NPs on the fibres surface. Similar behaviour was observed by using 8 wt% of SiO2 NPs incorporated with PVDF polymer which led to reduction of porosity by 6.8 % [46] . However, reducing the polymer concentration to 11 wt% and preserving the same amount of NPs lead to increase of membrane porosity to 0.912 %. This can be attributed to reduction of fibres diameter to 105.7 nm. 
AGMD membrane performance
Flux pattern and permeate quality
The fabricated PVDF membrane performance was assessed by using AGMD in terms of the water permeability and heavy metal (Pb) rejection. 
Effect of Pb concentration
Four different concentrations of Pb were chosen in order to study the effect of heavy metal concentration on both permeate flux and heavy metal rejection. Figure 10 illustrates the effect of four Pb concentrations (500, 1000, 1500, 2000 mg/l) by using the 11 wt% PVDF with 20
wt% NPs (ES11-20) membrane. As it was expected, the increase of lead concentration led to a slightly lower permeate flux from around 20 LMH to around 19 LMH (Figure 10a ). This reduction could be attributed to decrease of the feed vapour pressure as well as the effect of temperature polarization by increase in the feed solution concentration as it was shown by other studies [48, 49] . Opposite trend was observed for the metal rejection % at which a small decrease in Pb rejection by about 0.8 % for the lowest concentration of lead. The high rejection % with high lead concentration can be attributed to high LEP (27 psi) of ES11-20 which results in high resistance to lead permeation at high concentration and this agreed with by Feng et al.
[47] and Moradi [50] . 
Conclusions
Highly hydrophobic nanofibrous PVDF membranes were successfully prepared using superhydrophic Al2O3 nanoparticles. Whereas prior work has shown that various superhydrophobic membranes can be prepared using nanoparticles functionalized by silane and fluorocarbons [25, 26, 31, 32] , this work demonstrates for the first time that superhydrophobic PVDF membranes can be prepared using branched hydrocarbon functionalized NPs.
In this paper, electrospinning solution parameters such as polymer concentration and solvent ratio, effect of HTAB surfactant and superhydrophobic alumina NPs addition was examined to fabricate highly hydrophobic nanofibrous PVDF membranes. The results showed that uniform hydrophobic nanofibrous membrane with beadless small fibres diameter can be achieved by 
